Identification of risk factors of severe hypoglycaemia (SH) is necessary to understand, predict and reduce the frequency of SH in Type I (insulin-dependent) diabetic patients. Several predictors of SH have been described in laboratory and clinical investigations. The most consistently identified risk factor is a previous event of SH [1±3]. Less consistent predictors of SH are lower HbA 1 c values, higher insulin dosages, C-peptide negativity, and longer diabetes duration [1±5]. Patients with impaired awareness of hypoglycaemia could run a particularly high risk of SH [5±7]. Several clinical conditions predispose to SH such as renal insufficiency and early pregnancy [8, 9] .
Summary The objective of this study was to identify possible risk factors of severe hypoglycaemia (SH) in a prospective population based study of adult Type I (insulin-dependent) diabetic patients. A representative sample of 684 patients (41 % women, mean ± SD age 36 ± 11, diabetes duration 18 ± 11 years), living in the district of Northrhine (9.5 million inhabitants), Germany, were examined in their homes using a mobile ambulance. A comprehensive baseline assessment of possible predictors of SH included sociodemographic and disease related variables, hypoglycaemia awareness, diabetes management, and attitudes and behavioural aspects as expressed by the patients. After a mean of 19 ± 6 months 669 (98 %) patients were interviewed about events of SH since the baseline examination. Using the multiple Cox proportional hazards model, five risk factors of SH were identified: SH during the preceding year [hazard ratio (HR) 2.7, 95 % confidence intervals (CI) 1.8±4.2], any history of SH (HR 1.9, CI 1.1±3.4), C-peptide negativity (HR 4.0, CI 1.2±12.7), social status (HR 0.8 for a difference of 5 units for a value range of 0±24, CI 0.6±0.9), and patients' determination to reach normoglycaemia (HR 0.7 for a difference of 1 unit for a value range of 1±6, CI 0.5±0.9), indicating that the lower the social status and the higher the patients' determination to reach normoglycaemia, the higher the risk of SH. After eliminating the history of hypoglycaemia from the model, impaired hypoglycaemia awareness and patients' inappropriate denial of SH as their particular problem became additional significant risk factors of SH. In conclusion, in this population based study of adult Type I diabetic patients, C-peptide negativity, a previous event of SH, patients' determination to reach normoglycaemia and social class were risk factors of SH.
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biological, psychological and behavioural processes that contribute to the development of SH in Type I diabetic patients [10] . So far, large clinical trials have not considered hypoglycaemia awareness or behavioural factors.
Observations made in experimental or clinical studies including selected patients of tertiary care centres might be of limited relevance for the general population of patients with Type I diabetes. So far, there are no studies on the risk of SH in representative groups of patients with Type I diabetes. In this prospective study, a comprehensive assessment of possible risk factors of SH was done in a population based sample of adults with Type I diabetes.
Subjects and methods
This study is a prospective extension of a previous populationbased survey of Type I diabetes with the objective to assess the quality of diabetes care achieved at the community level [11] . Detailed descriptions of the study protocol including recruitment criteria of physicians and patients, participation rate, and description of drop outs were published [11, 12] . In short, between November 1994 and July 1996 adult patients with Type I diabetes were recruited from a random sample of 630 family physician practices in the district of Northrhine (~9.5 million inhabitants), Germany. Inclusion criteria for patients were: age 18 years or older and initiation of insulin therapy before 31 years of age. Of the 932 patients fulfilling the inclusion criteria 684 (73 %) participated in the study. The examinations were carried out in a mobile ambulance as described [11] by two of the authors (I. M. and H. O.) and, on occasion, by other trained investigators. Immobile patients were examined in their homes.
The examination protocol used an extended and adapted version of evaluation protocols as in previous studies and is available on request from the authors. The examination comprised a structured interview, questionnaires to be filled in by the patients, physical examination, fundus photography, and laboratory tests. The interview included questions assessing participant characteristics, such as sociodemographic and health status information, diabetes care and self-management across multiple areas and potential social, behavioural, and health care provider related correlates of self-management.
Classification of social status was based on instruments used in previous health surveys in Germany [11] . The social class score was an additive variable of the highest educational level achieved (scores 0±8), the present or last employment level (scores 0±8) and household income (scores 0±8) adding up to a score between 0 and 24; higher scores indicating higher levels of social class. For descriptive purposes quintiles of the total score were used to divide the patient group into five levels of social class (level I corresponding to the highest and level V to the lowest social class).
A self-administered questionnaire was used in order to assess patients' treatment goals [13] . The instrument consisted of 10 items which were rated on a 6-point Likert scale (1 = very important; 6 = totally unimportant). In the present study, five questions possibly relevant for the prediction of SH were used. These questions asked to what extent patients found it important that: 1) their blood glucose values were always 7.8 mmol/l or less; 2) their blood glucose values were as constant as possible; 3) they could avoid even mild hypoglycaemia; 4) they could in any case avoid SH with loss of consciousness; 5) they had to measure their blood glucose as rarely as possible.
HbA 1 c was measured by the Diamat HPLC-method (Biorad, Munich, Germany) (reference range 4.3 %±6.1 %). Random C-peptide concentrations were measured using a human C-peptide assay (Behring, Marburg, Germany). A value of less than 0.1 nmol/l was considered negative.
Accuracy of blood glucose self-measurements was assessed by comparing the value obtained by the patient using his own method with the laboratory measurement using Reflotron (Boehringer-Mannheim, Mannheim, Germany). A difference of 20 % or less between the two results was considered acceptable.
For baseline evaluation of risk factors of SH a protocol was used, which was based upon previously used questionnaires [3, 7, 14] and in part derived from experience by clinical experts caring for patients with intensified insulin therapy. Patients were asked the following questions: 1) ªHow many hypoglycaemic reactions did you have last week (exactly 7 days)?º Patients with more than two were considered at risk. 2) ªHow many blood glucose values did you measure last week that were less than 3.3 mmol/l?º Patients with more than two (or patients who did not do any blood glucose measurements) were considered at risk. In addition, if there were more measurements of blood glucose values less than 3.3 mmol/l than the number of reported mild hypoglycaemias (question 1), patients were considered at risk. 3) ªDo you recognize your hypoglycaemias in time to be able to help yourself (without assistance of another person)?º Possible answers were: a) yes, always (score 0); b) yes, most of the time (score 1); c) yes, during daytime, but not always during the night (score 2); d) no, often not (score 3); e) no, never (score 4). Patients who scored more than 1 were considered at risk. 4) ªAt what blood glucose value do you start to feel the first hypoglycaemic symptoms?º (referring to preceding weeks, patients were asked to indicate one figure, even if it was just an average of varying blood glucose values); scores 0 to 3, respectively, for values a) ³ 2.8 mmol/l, b) 2.2±2.7 mmol/l, c) less than 2.2 mmol/l, d) never feeling symptoms. Patients who scored more than 0 were considered at risk.
Questions 3 and 4 were combined to construe a hypoglycaemia awareness score. The score ranges from 0 (fully aware) to 4 (fully unaware) (question 3: answers a) or b) scored 0, c) scored 1, and d) or e) scored 2; question 4: answers a) scored 0, b) scored 1, and c) or d) scored 2). 5) ªDid you ever have a hypoglycaemic reaction in which you were unable to help yourself?º ªIf yes, how many of such hypoglycaemic reactions did you have during the last 12 months?º Patients who scored more than 0 were considered at risk. 6) ªDid you ever have a hypoglycaemic reaction in which you were unable to help yourself and hypoglycaemia was treated by glucagon injection or glucose injection by a relative or physician?º ªIf yes, how many of such hypoglycaemic reactions did you have during the last 12 months?º Patients who scored more than 0 were considered at risk. 7) Patients were asked whether they had ever observed hypoglycaemic symptoms disappear without any intervention (score 2) and what they would do if hypoglycaemic symptoms appeared 10 min before lunch; if they would not immediately take carbohydrates, they scored 1; and if they would always immediately take additional carbohydrates they scored 0. Patients who scored more than 0 were considered at risk. Patients who scored more than 0 were considered at risk. 9) Patients were asked how seriously they rated the problem of SH compared with their other diabetes related problems. Possible answers: a) it is no problem at all (score 0), there are bigger problems (score 1), it is a considerable problem (score 2), it is the biggest problem (score 3). Patients who had SH during the preceding year and scored 0 or 1 were considered at risk (denial of hypoglycaemia problem).
Follow-up study. Between February 1997 and June 1997 patients received a questionnaire on the frequency of hypoglycaemic reactions treated by glucagon injection or glucose injection by a relative or physician since the baseline examination. Patients were asked to state the date (month, year) for each hypoglycaemic event. Patients who did not return the questionnaire in time or who did not give complete or clear answers were contacted by telephone.
Statistical analysis. The Cox proportional hazards model [15] was applied to investigate the effects of a number of explanatory variables on the risk of hypoglycaemia. The time up to the first event of hypoglycaemia was used as response. Backward selection was used to identify the most important risk factors. The significance level for removing an explanatory variable from the model in the backward selection procedure was chosen as a = 0.10. Two different analyses were done: one including and one excluding the hypoglycaemia history of the patients, yielding two different final models. Adjusted hazard ratios (HRs) were calculated based upon the final models. The proportional hazards assumption was checked by plotting the log of the negative log of the estimated survival functions against log time and by including time-dependent covariates. To assess the ability of the Cox models to predict whether an individual will experience hypoglycaemia or not, measures for explained variation were calculated. To compare our results with those of the DCCT [2] , the entropy R 2 [2, 16] was used. As the entropy R 2 is inadequate to describe explained varia- [18, 19] was also calculated. For the calculation of the likelihood ratio R 2 values the total sample size was used as n in the corresponding formula, because this measure was recommended for use in Cox models [20] . To describe the impact of the risk factors on the risk of hypoglycaemia the failure probability of having hypoglycaemia within 12 months was calculated for some exemplary risk profiles as 1-S(t|x), where S(t|x) = S 0 (t) exp(b¢x) is the conditional survival probability at time (t) for an individual with covariate values x, b is the vector of regression coefficients, and S 0 (t) is the baseline survival function estimated by a nonparametric maximum likelihood method. For calculations the SAS procedure PHREG was used [21] . All tests were two-tailed. A p-value < 0.05 was regarded as significant.
Results
Results of the baseline examinations are published elsewhere [11] . Of the 684 patients 352 returned the filled-in questionnaire, 317 were interviewed by telephone, 8 patients had died and 7 could not be contacted during the study period. Thus, complete follow-up data were available for 669 (98 %) of the original cohort. Baseline data of these 669 patients are summarized in Table 1 .
The mean follow-up period was 19 months (range 7±30). Of the 669 patients 100 reported a total of 208 events of SH (incidence 0.20 cases per patient year); 50 patients reported 1 event, 25 patients 2 events, and 25 patients 3 or more events. Descriptive data on the history of SH and the results of its occurrence during follow-up for the respective subgroups are summarized in Table 2 . Tables 3 and 4 summarize results on the frequency of mild hypoglycaemia, hypoglycaemia awareness, and patients' attitudes and behaviour with respect to hypoglycaemia. Table 5 shows data for three treatment goals yielding relevant information.
We did two Cox regression analyses both starting with a backward selection. The first analysis contained the following variables: sex, age, body mass index, social class, diabetes duration, all variables derived from the hypoglycaemia questionnaire [13 variables] , the five treatment goals, blood glucose selfmonitoring (score 0: patients who report to measure at least twice daily; score 1: patients who measure less often), accuracy of blood glucose monitoring [score 0: patients with accurate measurements; score 1: patients with inaccurate measurements or patients who did not carry out a blood glucose measurement in the mobile ambulance for one of the following reasons: patient does not perform blood glucose self- monitoring at all (n = 33), patient has not brought his materials for blood glucose monitoring although patients had been asked to do so (n = 54), the glucose meter did not work (n = 17), patient declined to do a blood glucose measurement (n = 9)], consumption of alcohol (score 0: patients who reported to consume 70 g or less alcohol a week; score 1: patients who reported to consume more than 70 g alcohol per week), C-peptide (score 0: C-peptide positive ³ 0.1 nmol/l; score 1: C-peptide negative < 0.1 nmol/l), HbA 1 c (%), nephropathy (score 0: normal serum-creatinine, no renal replacement therapy; score 1: serum creatinine ³ 133 mmol/l or renal replacement therapy), insulin therapy (score 0: more than 2 insulin injections per day or CSII; score 1: 2 or less insulin injections per day), insulin dosage (U × kg body weight ±1 × day ±1 ), insulin dose adaptation on a day-today basis according to varying amounts of carbohydrate intake (score 0: adaptation; score 1: no adaptation), and previous participation in a structured diabetes treatment and teaching programme (DTTP) (score 0: patients have participated in a DTTP; score 1: never participated in a DTTP).
Additionally, we tested six composite scores by grouping the variables as listed in Tables 1±5: 1) history of hypoglycaemia; 2) clinical characteristics or disorders possibly predisposing to hypoglycaemia; 3) diabetes management related factors possibly predisposing to hypoglycaemia; 4) hypoglycaemia awareness; 5) treatment goals that could predispose to hypoglycaemia; 6) patient behaviour, attitudes or misconceptions that could predispose to hypoglycaemia. The inclusion of these scores, however, did not yield better results than the single variables listed above. From these 33 variables 5 were predictors of SH: 1) SH (necessitating assistance) during the preceding 12 months, 2) any previous event of SH (necessitating assistance), 3) C-peptide negativity, 4) social class, and 5) patients' determination to reach blood glucose values less than 7.8 mmol/l, indicating that the lower the social status and the higher the patients' determination to reach normoglycaemia, the higher the risk of SH. The results of the corresponding Cox model (model I) are shown in Table 6 . In a second analysis all variables describing the history of hypoglycaemia were excluded. In place of the variables SH during the preceding 12 months and any history of SH the variables hypoglycaemia awareness (the more impaired the higher the risk) and patients' inappropriate denial of SH as their particular problem became predictors of SH. The results of the corresponding Cox model (model II) are shown in Table 7 .The plots of the log of the negative log of the estimated survival functions against log time and the inclusion of timedependent covariates showed no clear violations of the proportional hazards' assumption in both models. An exception was C-peptide negativity, where the hazards did not seem parallel. However, since nearly all observations (97 %) of the group positive for Cpeptide were censored, the proportional hazards' assumption could not be assessed adequately and it was impossible to find a model showing a clear better fit. When a stratified Cox model was applied with C±peptide negativity as stratum variable, the results for the other risk factors were nearly the same as before. Hence, only the results of the standard Cox proportional hazards models as described above are given. The results for the estimated values of variation explained by the covariates are shown in Tables 6  and 7 . Estimated failure probabilities for different sets of covariate values based upon model I are given in Table 8 .
Discussion
This study is the first comprehensive evaluation of risk factors of hypoglycaemia in a population based cohort of adults with Type I diabetes. The study group comprised a large number of subjects with a 98 % complete follow-up after a mean time of 19 months. Of these patients with a mean diabetes duration of almost 20 years 61 % had a history of SH necessitating assistance and 48 % reported treatment with glucagon or glucose injection on at least one occasion. Applying the more restricted definition of SH, the incidence for the preceding year as assessed retrospectively at baseline and at follow-up was almost identical (0.21 cases per patient year and 0.20 cases per patient year, respectively). This observation indicates validity of the evaluation protocol used in this study. Only a few items evolved as risk predictors: SH necessitating assistance during the preceding 12 months, any history of SH necessitating assistance, C±peptide-negativity, patients' determination to reach normoglycaemia, and social status. Only after eliminating all variables of previous events of hypoglycaemia from the statistical models two further risk factors emerged, the denial of an existing hypoglycaemia problem and impaired awareness of hypoglycaemia.
Residual beta-cell function has recently been found to be protective against SH in two large clinical trials of intensified insulin treatment [2, 3] ± a finding confirmed in this population based study. Compared to other risk factors the relative risk of about 4 caused by C-peptide-negativity was exceptionally high. This observation calls for particular efforts to preserve beta-cell function in Type I diabetic patients ± even though the mechanism of the C-peptide related protection against SH is not known.
In an accompanying paper, we have described the impact of the patients' social status on the overall quality of diabetes care in this study group [11] . There was a substantial social class gradient concerning various items of disease-management, namely that more often high social class patients had participated in a DTTP, had specialized out-patient care, used intensified insulin treatment regimens, carried out blood glucose self-monitoring more often and more self-adaptations of insulin dosages on a day-to-day basis. These disease-management related factors are considered prerequisites to recognize early, treat and, most importantly, prevent SH.
The more important it was for the patients to achieve blood glucose values of consistently less than 7.8 mmol/l, the higher was their risk of SH. This result corresponds with recent data from the DCCT [2] . Even after adjustment for the current HbA 1 c level, in the DCCT intensive treatment was still associated with a significantly increased risk of hypoglycaemia suggesting that a substantial portion of the increased risk associated with intensive therapy was related to the pursuit of normoglycaemia, independent of the HbA 1 c level actually achieved.
The inappropriate denial by patients of SH as their particular problem evolved as a further risk factor of SH in this study. This risk was as strong a predictor of SH as impaired awareness of hypoglycaemia. Both of these factors were not independent of previous events of SH. This is in accordance with the assumptions that hypoglycaemia may induce impairment of hypoglycaemia awareness [22±24] and that this, in turn, could predispose to SH [14, 7] . Repeated hypoglycaemia, however, could also be the result of inappropriate insulin treatment strategies, a lack of patient training or careless patient behaviour. In a previous study we have shown that participation of patients in a structured 5-day group treatment and teaching programme for intensification of insulin therapy leads to a decrease in HbA 1 c levels and a decrease in the risk of SH [3, 25] .
In the DCCT by the end of the study after an average of 6.5 years 65 % of the patients in the intensive treatment group had had at least one episode of SH requiring assistance. In the present study 15 % of patients had at least one episode of SH treated with glucagon injection or intravenous glucose after a mean of 19 months of follow-up. These differences in the percentages of patients with episodes of SH and in follow-up periods have to be taken into account when comparing data concerning the explained variance of SH between these two studies. In the present study, the hazard ratios showed a considerable impact of the identified risk factors on the risk of hypoglycaemia, especially SH during the preceding year and Cpeptide negativity. In terms of failure probabilities within 12 months a patient with the worst possible set of covariate values (i. e. a C-peptide negative patient of the lowest social class with a previous event of SH and, in addition, SH during the preceding 12 months who expressed the highest possible determination for a target blood glucose value < 7.8 mmol/l) had an estimated risk of 0.54, whereas a patient with the best possible set of covariate values had only an estimated risk of 0.002 (Table 8 ). In fact, the patient with the worst observed profile of covariate values had an estimated risk of 0.52 and the patient with the best observed set of covariate values had an estimated risk of 0.004 (Table 8). Actually, neither the worst nor the best patient had any event of SH after 10 and 18 months of observation, respectively. Although the hazard ratios and the differences of failure probabilities for different sets of covariate values showed a high impact of the risk factors on the risk of hypoglycaemia, the estimated values of explained variation were low. Considering that R 2 values in survival time studies typically range between 10 and 45 % [26] , the values of the explained variation of both Cox models were low (between 5 and 10 %, depending on the model and the type of measure used). Hence, in this study the covariates were not able to improve individual predictions considerably because at the end of follow-up 85 % of the patients were still event-free. Using the naive prediction that a patient has no hypoglycaemia ± regardless of the covariate values ± would yield an error rate of less than 15 %. This result can only be improved slightly by using the covariate values for prediction. Nevertheless, the covariates have a high impact on the risk of hypoglycaemia. After 12 months a patient with the worst possible set of covariate values had a more than 300-fold increase of risk compared with a patient with the best possible set of covariate values.
In conclusion, the present study shows that in a population-based representative group of adult patients with Type I diabetes a history of SH, C-peptide negativity, social class, and patients' determination to reach normoglycaemia are important predictors of SH.
